Objective: Electrical source imaging (ESI) is a well-established approach to localizing the epileptic focus in drug-resistant focal epilepsy. So far, ESI has been used primarily on interictal events. Emerging evidence suggests that ictal ESI is also feasible and potentially useful. We aimed to investigate the diagnostic accuracy of ESI on ictal events using high-density electroencephalography (EEG). Methods: We performed ictal ESI on 14 patients (9 with temporal lobe epilepsy) admitted for presurgical evaluation who presented seizures during a long-term (≥18 h) high-density EEG recording (13 with 256 electrodes and one with 128 electrodes), and subsequently 8 of them underwent epilepsy surgery (postoperative follow-up >1 year). Artifact-free EEG epochs at ictal οnset were selected for further analysis. The predominant ictal rhythm was identified and filtered (AE1 Hz around the main frequency). ESI was computed for each time point using an individual head model and a distributed linear inverse solution, and the average across source localizations was localized. For validation, results were compared with the resection area and postoperative outcome. Results: Ictal ESI correctly localized the epileptic seizure-onset zone in the resection area in five of six postoperatively seizure-free patients. Interictal and ictal ESI were concordant in 9 of 14 patients and partially concordant in additional 4 of 14 patients (93%). Divergent solutions were found in only one of the 14 patients (7%). Significance: Ictal ESI is a promising localization technique in focal epilepsy.
A substantial proportion of patients with medically refractory epilepsy are potential candidates for surgical therapy, a treatment that, in select cases, may result in seizure freedom or significant seizure improvement. 1 The evaluation for surgical candidacy requires an extensive, detailed assessment of the clinical, electrographic, neuropsychological, and neuroimaging data. Moreover, the initial standard evaluation is frequently insufficient to accurately localize the ictal-onset zone. Electrical source imaging (ESI) using high-density electroencephalography (EEG) is regarded as a reliable approach for estimating the irritative zone in focal epilepsies. [2] [3] [4] [5] So far, ESI has been used almost exclusively on interictal events because they are characterized by a higher signal-to-noise ratio (SNR) and are less contaminated by muscular artifacts compared to ictal events, and they are more likely to be captured during a recording session of limited duration (<1 h). However, the issue of whether interictal and ictal events have the same origin is still debated. A recent study 6 based on interictal ESI and intracranial seizure recordings suggested that the irritative zone and the ictal-onset zone are often superimposed. On the other hand, applying ESI directly to the ictal Previous studies described ictal ESI mainly in temporal lobe epilepsy, using low-density EEG, although it has been described that increasing the number of electrodes is of critical importance for interictal 3 as well as ictal 10 ESI accuracy. Holmes et al. 11 published the only study that used high-density 256-channel EEG for ictal-source estimation, but their study was limited by the use of standard-template magnetic resonance imaging (MRI).
The present study aims at extending previous findings. We describe a frequency-based algorithm for ictal ESI, using high-density 256-channel EEG and the patient's MRI. To determine sensitivity and specificity we used the surgical result as gold standard and evaluated if the three-dimensional (3D) solution was inside or outside the resected area. In a second analysis, localization of ictal ESI was compared to interictal ESI, to obtain further information on the accuracy of both types of epileptogenic discharges.
Patients and Methods
We searched our database for patients who were admitted for presurgical evaluation to the EEG & Epilepsy Unit, Department of Clinical Neurosciences, University Hospital of Geneva, Switzerland, and were fulfilling the following inclusion criteria: (1) Long-term monitoring (LTM; ≥18 h) with high-density (≥128 channels) EEG, (2) intractable focal epilepsy, (3) epileptic spikes detectable on scalp EEG, and (4) at least one seizure during the high-density EEG recording.
In our database of >800 patients, 34 patients who underwent long-term high-density overnight EEG recordings were identified. Fourteen of these patients (eight male, mean age 26.3 years, range 10-45 years) with drug-resistant epilepsy met the inclusion criteria. Each patient underwent presurgical evaluation, including a detailed clinical history, neurologic examination, high-density video-EEG monitoring, high-resolution 3T MRI with an epilepsy-specific protocol, and neuropsychological evaluation. In most cases, additional studies, such as functional MRI, positron emission tomography (PET), and ictal single-photon computerized tomography (SPECT) were also available. Patients usually underwent high-density long-term EEG at the end of their clinical workup, for a duration of approximately 24 h. Patients were back on their habitual medication, albeit not yet with the full blood level, so only a subset of patients presented clinical and/or electrical seizures. Duration of recordings was between 18 and 21 h (median 20 h). Follow-up was continued for at least 1 year and the Engel Epilepsy Surgery Outcome Scale 12 was used for outcome reporting.
High-density EEG recordings
All 14 patients underwent high-resolution EEG LTM (≥18 h) using a 256-electrode scalp EEG system and a conductive electrode paste, except for one patient (no. 3), for whom 128 electrodes were used. The high-resolution EEG was recorded with the Geodesic Sensor Net with interconnected electrodes (Electrical Geodesic, Inc., Eugene, OR, U.S.A.). The net was adjusted so that the Fpz, Cz, Oz, and the preauricular electrodes were precisely placed according to the international 10/10 system. The tension structure of the net ensured that all electrodes were evenly distributed over the scalp and that they were positioned at the same location across patients. Electrode-skin impedances were maintained at <15 kΩ. The recordings were sampled at 1 kHz, referenced to Cz, and passed through a 0.5-70 Hz band-pass filter.
Magnetic resonance imaging
All patients had MRI scans, acquired with a 3T Trio scanner (Siemens), as part of the presurgical evaluation. The MRI was performed according to a standardized epilepsy protocol: coronal T 2 -weighted fast spin-echo (repetition time 3,092; echo time 11/100; voxel size 0.9 9 0.9 9 9.6 mm), coronal and axial fluid-attenuated inversion recovery (FLAIR; repetition time 11,000; echo time 140; inversion time 2,800; voxel size 0.45 9 0.45 9 6 mm), sagittal 3D gradient echo T 1 (repetition time 12; echo time 4; voxel size 0.98 9 0.98 mm 2 ; thickness 1 mm), and diffusion sequences.
Electrical source imaging of interictal discharges
Artifact-free interictal epileptiform discharges (IEDs) were detected and selected by neurophysiologists experienced in reading EEG studies (P.N., F.P.), blinded to the patient's name and relevant patient's clinical details. The IEDs were marked at the exact time point of maximal negativity on the electrode trace with the highest amplitude. Only isolated IEDs were included in the analysis (i.e., with no preceding or following discharges within AE500 msec). In cases of multiple IED types, the dominant localization was selected so that, in a given patient, all IEDs had similar morphology and topography. In 4 of 14 cases, interictal ESI provided more than one solution due to the existence of two
Key Points
• Ictal ESI based on high-density EEG provides correct ictal-onset localizations in most patients
• Ictal ESI can provide useful information when there are no interictal epileptogenic discharges
• Ictal ESI is often concordant or partially concordant with interictal ESI, which is another good surrogate marker for the ictal-onset zone discrete equally dominant types of spikes (Table 1) . IEDs were subsequently aligned to the global field power peak and averaged over epochs of AE500 msec around this peak. For further analysis, electrodes on the cheek and the neck were systematically removed from the 256-electrode cap EEG because they were too noisy and artifact-laden. 13 Hence, 204 electrodes from the recordings were used for the analysis. The EEG map at the 50% rising phase of the averaged IED was selected and subjected to a source-localization procedure.
14 All EEG analysis was carried out using the freely available software Cartool 15 (https://sites.google. com/site/fbmlab/cartool).
Electrical source imaging of ictal activity
The long-term EEG recordings were reviewed for electrographic seizure patterns by two experienced neurophysiologists (P.N. and M.S.). As a first step, the electroencephalographic (using traditional bipolar and monopolar montages) and video recordings were inspected to determine ictal semiology and times of onset of clinical seizures. At times of likely seizure onset, all 256 or 128 channels were displayed with simultaneous access to topographic maps to increase confidence of seizure-onset determination. Epileptiform rhythmic patterns that were indistinct at seizure onset in the traditional bipolar montage of 21 channels became obvious when all 256 or 128 channels were inspected. Epochs of early rhythmic ictal changes were selected for further analysis, based on the strategies used on previous publications. 16, 17 Earliest EEG changes provide higher concordance with intracranial recordings as compared with later periods. 11, 18, 19 Accordingly, the first 2 s (range 1.5-2.5 s, depending on the presence of artifacts), from the seizure onset were analyzed. Seizure onset was determined and marked in the EEG data independently by the two EEG readers, and in the event there was disagreement on the seizure onset, the recording was reviewed and onset agreed upon after discussion. Once ictal onset was identified, the EEG was corrected for pulse and eye-blink artifacts using Independent Component Analysis (ICA). 20 Artifact electrodes were interpolated using a 3D spline algorithm. 15 For further analysis, the number of channels was reduced from 256 to 204 by removal of artifact-contaminated cheek and neck channels. The electrodes that showed ictal discharges were selected by visual inspection and the dominant frequency of the seizure pattern was calculated. The EEG was subsequently filtered AE1 Hz around the main frequency using a noncausal filter (second order Butterworth Low and High pass, À12 db/octave roll-off, computed linearly forward and backward). ESI was performed at each time point of the preprocessed ictal data and then averaged across the defined early ictal epoch.
Leadfield matrix and head model
The leadfield matrix is a linear operator that models how electrical current generated at solution points in the brain propagates through the head to the scalp electrodes. We constrained the solution points into the gray matter using the individual preoperation T 1 MRI and placed them on a regular grid of 6-mm resolution (yielding 3,000-5,000 solution points). Scalp electrodes were co-registered with the individual T 1 preoperation MRI, performing a 9-parameter transformation of a template cap such that Fpz, Cz, Oz, and the pre-auricular points were correctly placed according to the international 10/10 system. Electrodes of the transformed template cap were then projected onto the head surface. For our study, we used the Locally Spherical Model with Anatomical Constraints (LSMAC) 15 head model with a skull conductivity of 1/40. It has been shown that this head model is as performant as Boundary Element Model (BEM) and Finite Element Model (FEM) for ESI of interictal spikes. 13 Solution points, electrode co-registration, and head model were generated with Cartool. 15 
Inverse solution
We used the inverse method Low Resolution Electromagnetic Tomography (LORETA) 21 implemented in Cartool. 15 This method regularizes the EEG inverse problem using the Tikhonov method under a smoothness constraint. LORETA implicitly assumes that the activity of neighboring neuronal populations is highly correlated, which is physiologically plausible. It is well known that the sources of surface interictal spikes and ictal activity are spatially extended. 22 Because LORETA cannot determine the spatial extent of cortical activation, we considered only the centroid of the sources by picking the solution point with the maximal magnitude. This point will be hereafter denoted ESI-max. As the epileptic focus is not a single point, in our figures we show a circle instead (generated by Cartool) with a radius of 6 mm around ESI-max point.
Ictal ESI in the co-registered preoperative and postoperative individual MRI To compare the ESI with the surgical resection volume, we co-registered the preoperative and postoperative T 1 MRI using Statistical Parametric Mapping (SPM8) (http://www.f il.ion.ucl.ac.uk/spm/). Then, we overlaid the ESI of ictal data and the co-registered postoperative MRI in Cartool. For seizure-free patients, we considered that ESI was correct when ESI-max was localized in the resection cavity.
Results
Data on 14 patients with ictal high-density EEG were analyzed in the context of the present study (Fig. 1) . Following the suggested criteria of the International League Against Epilepsy (ILAE) for imaging and neurophysiology studies in epilepsy, 23 P. N. analyzed the interictal and ictal ESI blinded to all other data. The results for each subject are presented in Table 1 , comprising eight operated and six nonoperated patients. 
Electrical source imaging of ictal discharges in operated patients
Eight patients (four male, mean age 29.5, range 11-45 years) were operated for drug-resistant focal epilepsy. The MRI findings, PET scan results, ictal SPECT results, intracranial EEG results (in available cases), ictal ESI-max solution point, and resected area are presented in Table 1 . An example of the original EEG in a bipolar montage, the EEG in a 204 monopolar montage after the application of a filter in a very narrow band (AE1 Hz) around the main frequency, and the ictal ESI source solution, superimposed in the co-registered preoperative and postoperative MRI of an individual patient is illustrated in Figure 2 . Five of these patients were seizure-free, that is, classified as Engel class I (patients 1, 2, 5, 7, and 8). In all of these patients, ictal ESI-max was within the resected area. In patient 3 (128 electrodes, seizure-free) the Euclidean distance of ESI to the surgical resection border was 7 mm (Fig. 3) . Two of the operated patients had a less favorable outcome (Engel classes III and IV for patients 4 and 6, respectively). It is notable that in these patients, the maximal ictal ESI solution was not included in the resected area, as presented in Table 1 and Figure 3 . Patient 4 is a 45-yearold man, who was diagnosed with a left temporoparietooccipital gangliocytoma >15 years ago. He underwent surgery and received radiotherapy, which led to diffuse white matter changes in the posterior and temporal regions. The patient presented with hypermotor seizures with psychomotor agitation, accompanied by loss of contact for a few seconds and occasional postictal amnesia. The semiology indicated frontal origin. In this patient, the max ictal ESI solution was within the left temporal region, but surgery (extended resection of the residual and atrophied tissue near the previous operation site) resulted in a 50% decrease and shorter duration of seizures (Engel class III). Patient 6 is a 21-yearold woman with right frontal focal cortical dysplasia. The patient had seizures with ictal speech, blinking of the right eye, left arm dystonia, and urgent postictal voiding. A right frontal pole resection was performed without persistent seizure remission (class IV). Ictal ESI provided a solution in the right frontal lobe, but more posterior and higher than the resected area. She was later reoperated and now has only single brief nocturnal seizures instead of 10 or more (class II). However, because the ictal ESI was obtained after the first operation, this patient was classified as "Engel IV." The median delay between EEG and clinical onset was 5.7 s (4.1 s: 25th percentile and 8.1 s: 75th percentile), with the EEG preceding the clinical onset in all cases.
Comparison of electrical source imaging of interictal and ictal discharges
We were interested in the concordance of the interictal and ictal ESI, so we analyzed results of all 14 patients in this respect ( Table 1 ). The solutions were considered is the only patient with a 128-electrode recording. Ictal ESI-max is localized 7 mm from surgical resection boundary. Patient 4 had a left occipital lobe resection, whereas ictal ESI localized seizure onset left temporal. Ictal ESI max for patient 6 is shown in the circle, whereas the patient underwent a right frontal lobe resection. Epilepsia ILAE concordant when interictal and ictal ESI were localized in the same sublobar area. In 9 of 14 patients, interictal and ictal ESI solutions were concordant (patients 1, 2, 3, 7, 10, 11, 12, 13, and 14) and in agreement with the MRI findings in those who had an MRI lesion (patients 1, 2, 7, 13, and 14) ( Table 1 ). In the MRI-negative cases (3, 10, 11, and 12), interictal and ictal ESI were also concordant. In patients 4, 5, 8, and 9, the interictal analysis provided more than one solution due to the existence of more than one equally prevalent type of spikes. It is notable that the ictal ESI was concordant with one of the interictal sources in each of these cases. In one case (patient 6), the interictal and ictal ESI were not concordant. In this case, interictal ESI localized the irritative zone in the right frontal pole, whereas ictal ESI-max was in the right frontocentral area.
Discussion
Presurgical evaluation of patients with epilepsy using multimodal diagnostic techniques is a prerequisite for a successful postoperative outcome. Among various available methods, intracranial recordings, using electrocorticography (ECoG) and/or depth electrodes, is regarded as the gold standard for the identification of the seizure-onset zones. 24 However, the application of intracranial EEG is restricted in clinical practice due to its invasive nature and limited spatial coverage. Thus, noninvasive methods that can localize the seizure-onset zone reliably are highly desirable. 25 Herein we present a new method to apply ESI directly on the ictal scalp EEG.
Our results suggest that ictal ESI correctly localized the epileptic focus in the resection area in five of six postoperatively seizure-free patients. It is interesting that in two cases where the outcome of the operation was Engel class III or IV, the ictal ESI solution was not included in the resected area. This finding highlights the usefulness of ictal ESI as an additional modality to better identify the epileptogenic zone, especially in complicated cases or before planning intracranial EEG. Only one patient (no. 3) was seizure-free despite the ictal source at a 7-mm distance. He was the only patient with 128-channel ictal EEG, and it can be speculated that 256 would have provided a "correct" solution within the resected volume. It is of note that published literature on ictal ESI with 76-channel EEG, solutions at a distance ≤10 mm, were considered as correct. 10 Despite, the obvious clinical relevance of localizing ictal pattern, a limited number of studies investigated the utility of ESI in this context. Assaf and Ebersole 26 were the first to apply ictal ESI, in patients with temporal lobe epilepsy, using low-density EEG (23-27 channels) and multiple fixed dipoles for source analysis. Boon et al. 27 published the only prospective study on source localization of ictal EEG activity. Ictal source localization, using a dipole model, was possible in only 31 of the 100 patients and proved to be a key element in the surgical decision process in 45% of the patients, where ictal ESI could be done. Most studies focused on the evaluation of temporal lobe epilepsy. 16, [28] [29] [30] [31] [32] More recent publications studied patients with extratemporal lobe epilepsy but used only low-density EEG. 17, 33 However few studies employed 64-76 scalp electrodes for ictal ESI. 10, 19, 34, 35 Lu et al. 10 convincingly showed that increasing the number of electrodes is of critical importance for ictal ESI accuracy. Holmes et al. 11 published the only study that used high-density 256-channel EEG for ictal-source estimation. Their study was limited by the use of a standard template MRI. By applying ESI of the focal spikes that precede and occur at the onset of the seizure, localized ictal onsets close to the same region were identified by intracranial monitoring in 8 of 10 cases. Ictal magnetic source imaging has also been described, 36, 37 but ictal MEG is limited to patients with a high seizure frequency and hypomotor seizures. 38 The analysis of interictal scalp EEG with ESI appears highly relevant for presurgical evaluation. Although this technique has been increasingly validated, 2, 39, 40 its value as a stand-alone technique is still a matter of debate, as certain studies suggest that the source of interictal epileptiform activity does not necessarily coincide with the seizure-onset area. 7, 8 In combining long-term, high-density 256-channel EEG with the patient's individual MRI, we propose a feasible and efficient noninvasive tool to localize the seizure-onset zone, that is, complementing the noninvasive armamentarium for focus localization.
The comparison of interictal and ictal ESI confirmed that the irritative and the ictal-onset zone, as identified by interictal and ictal ESI, are very often concordant (in 9/14 patients) or partially concordant (in an additional 4/14 patients; total 13/14 = 93%). Resection of the area of the interictal source, if concordant with the ictal ESI solution, resulted in seizure freedom in our study. They were discordant in only one case (patient 6), indicating that interictal ESI provides a good, but not perfect, estimate of the ictal-onset zone. However, ictal ESI can provide useful information in cases where interictal ESI is ambiguous, for instance when there are several interictal foci. Lack of concordance between interictal and ictal ESI may also have a predictive value for resection outcome and needs to be further investigated. One patient presented such a discordance and resection resulted in Engel class IV outcome in our study. Moreover, ictal ESI could be of increased value in patients with epilepsy and no visible interictal spikes, 41 and in whom interictal ESI is impossible.
Methodological considerations
To be as objective as possible, ICA was used to remove only eye-blink and heart-rhythm artifacts. In addition, ictal ESI was carried out without knowledge of the surgical outcome. However, ictal ESI methodology has limitations. First, in many patients, ictal EEG is contaminated with movement artifacts, and therefore, identification of seizure onset and computation of ictal ESI could be difficult. Seizures during sleep or partial seizures with less movements are more amenable to ESI analysis. Long-term high-density EEG increases the chances of capturing such seizures, making ictal ESI more feasible. Second, analyzing high-density EEG with source-localization algorithms is more time-consuming compared to the visual review of standard LTM EEG recordings. This can be overcome with user-friendly programs, as they exist in the worldwide computer network (http://www.unige.ch/medecine/neuf/en/research/christophmichel1/cartool-software/). Finally, our study focused on the rhythmic ictal activity and extrapolation of the results to the other ictal EEG patterns, for example, ultraslow patterns, or voltage attenuation at initial onset is difficult. Moreover, rapid propagation of ictal activity makes ictal ESI, like ictal EEG reading in general, more challenging. The combination of our method with functional connectivity analysis as proposed by Lu et al. 10 may possibly lead to further refinement in the spatial and temporal resolution and thereby increase the diagnostic accuracy of high-density EEG analysis for source localization of ictal patterns. However, based on our results, it appears that the ictal ESI localization, as determined by our approach, indicates the area of seizure onset (vs. propagation) as suggested by the fact that five of six patients were post operatively seizure-free. Larger studies are mandatory to determine the clinical yield of high-density long-term recordings.
Conclusion
The technology available today makes long-term highdensity 256-channel LTM EEG feasible and well tolerated. Our study shows that ictal ESI based on high-density EEG provides correct solutions in most patients and may be of significant help in localizing ictal sources in challenging cases. Prospective studies are required to confirm and extend these findings and determine the role of this technique in the presurgical evaluation of drug-resistant focal epilepsy.
